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I. INT RODUCTION

Absorption by the F2 
continuum at a 325-nm wavelength was used to

determine the F2
-concentration (Ref. 1). A HeCd laser capable of being

modulated was used to probe the flow . The di f ference in intensity between

the laser beam transversing the region of absorption measurement and a

reference beam was measured by means of two independent , silicon , photo-

voltai c detectors. The differential  voltages were displayed on an oscilloscope .

Several refinements to the basic differential measurement  technique were

essential to achieve sufficient sensitivity to obtain meaning ful data for an

operational laser (sensitivities of Al/ I 0 lO~~ in laboratory tests and AI/ I~ =

6 ~ io~~ in the CL XI nozzle field tests have been obtained). Figure 1 is a

schematic of the technique, with essential refinements il lustrated.

Internal laser modulation provided transient f ree  chopping of the two

beams. A sapphire prism was used to ensure complete polarization of the

beam to eliminate polarization difference effects in reflectivity and transrnis-

sivity of optical parts in the light paths. The optical density wedge provided

a null differential signal with no F 2 flow . The 325-nm wavelength optical

filter was used to discriminate against hot-flow radiation. The test cell was

darkened for testing, and the detectors were tuned for optimum gain by trans-

lation transverse to the beams. The low-pass filter of the IA7A differential

amplifier eliminated hi gh-frequency noise above 100 Hz. Measurement  beam

in-operation ( I )  was read directly on the scope for the no F2 condition . The

reference  beam was then made equal to I
~ 

to within 1 part in IO~ by mean s of
the optical density wedge. The measured intensity difference ( LI )  result ing

from F2 abosrption was read directly on the scope at a hig h sensitivity for  the

F2 addition in the absorption region as the difference between the modulated-

on and modulated-off beam traces.  The F2 density for small concentration

-5-
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was determined directly from the equation

p 1F 2 (mol/ l) 8.70 1(cm) F

where the absorption coefficient is obtained from Ref.  2 , I is the absorption

path lengt~i (Lin  the Appendix), and 
~F 2 

is the molecular fluorine molar

densit y .

The important components of the absorption experiment, which are

shown in Figure 1, include: a Liconix Model 301 M modulatable laser (325-

nm wavelength), an Interstate Electronics Model P25 pulse generator , two

EG & G Model UV 444B silicon photovoltaic detectors , a Tektronix Model

1A7A 10-iJ.V sensitivity differential amplifier , a sapphire prism, three CaF~,

windows , and a 325-nm wavelength optical fi l ter.
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II. EXPERIMENT

Fluorine density measurements were made in the TRW CL XI nozzle

flow along the 10.2 cm path. The tests were  conducted on 5 and 6 August

1976 in the HEPTS facility at the TRW Capistrano test site . The basic ex-

pe rimental setup is shown in Figure 1. The absorption measurement  beam

was placed 1.65 and 6 . 7 3  cm downstr eam of the nozzle exit plane in the cen-

ter  of the jet .  Cold-flow test runs were made with F 2 as the He diluent.

Hot-flow test run s were made with F 2 with C2H4 or H2 as the combustor

fuels and He as the diluent. Helium was also fed into the cavity throug h the

fuel nozzles to maintain proper nozzle operating temperatures  during hot-

flow runs; however , no cavity fuel was used in these tests . In addition , He

was used as a window and cavity purge gas.

- 7 -  
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Figure 1. CL XI Nozzle F2 Absorption Experiment
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111. C AL I B R A T i O N

.Abso lu t e  cold-f low cal ibrat ions  were  a t tempted to ver i f y the techn iques

in the new test environm ent and to establ ish baseline m e a s u r em e n t s  for  the

t e s t  se r ies .  The cold - flow absorpt ion m e a s u r e m e n t s  near  the nozzle  (X =

1.65 cm) yielded low values of F 2 dens i ty. The values were low when com-

pared to the F 2 densit ies calculated to be in the cavity flow , on th e bas i s of an

isent ropic expansion of the known F , in He molar flow f rom the plenum of

known pres  sure  to the m e a s u r e d  cavity p ressu r e , i . e . ,  234 ~n~ol / l  m e a s u r e d

relat ive to 387 ~imo l/ l  or a 4O °~ d i sc repancy .  This resu l t  was probabl y due to

the disparity between the measured cavity pressure and the actual static pres-

sure of the jet  in proximity to the nozzle resul t ing  from an overexpansion of

the flow. Cold-flow measurements made at this point were the same with and

without He flow-out of the cavity fuel nozzles, indicating that the measure-

ment  was being made well within the Prandtl  Meyer  zone and (.bat little mixing

had occur red  between the two streams at this point. Cold-flow measu remen t s
made at the X 6. 73 cm station were  in better agreement .  The calculated

F 2 dens i ty was 438 ~imol/ l , and the m easured  value was 339 imol/ l , an agree-

ment  wi thin ~~~~ hut  still a rather  large discrepancy.  Similar measurements

mad e at the Aerospace  facil i ty agreed within a few percent  ( R e f .  1).  This
d i sc repancy  is thoug ht to be to resul t , in large m e a s u r e , f rom the sizable

cavity-purge He flow (6 g/ s e c ) , which in mixing with the je t  could account fo r

the lower F 2 densi ty  measurements . However , e f fec ts  of this ambient gas in

the cavity on the measurement  are di f f icul t  to a s ses s  quantitatively. The
addition of 2 1 g/ s e c  of 1-le into the cavity je t  through the fuel oxidizer  nozz le ,
which was necessa ry  during all hot runs , resu l ted  in a cold -flow si gnal reduc-
tion of 23~~. Because of the ambiguities introduced by these othe r cavity
flows , the jet  flow could not be used to verif y the diagnostics precise ly ; they

indicate onl y that the m e a s u rem e n t s  are reasonable.  The F 2 density mea-

surement  does r e f l ec t  the flow condition . The nea r -nozz le  measurement,

— (
_~ — 
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for example, yields a cavi ty p r e s s u r e  and temperature of 1. 67 Torr and

114 N for  an isentropic nozzle expansion . The cold -flow measurements  pro-

vide baseline information from which hot-f low dissociation levels can be

calculated . The cold flow test conditions are as follows:

rn He = 12.73 g/sec~~
combustor

= 27 .34 g/sec~~2 combu stor

P = 40.8 psiacombustor

T = 295 °Kcombustor

mHe 
= 6 .0 g/ s e c ” 1

cavity purge

p . =4.STorr
cavity

S L = I O . 2 c mpath length
-3I measured 7 . 5 , 10 ‘cr

0

X = 1.65 cm, 6.73 cm

= 156 ~v, 226 ~iVmeasured

= 387 ~.i.mol/l, 438 amol/l2 calculated

~F 234 amol/ l , 339 ~imol /l
2 measured

I
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v. - r -  U I - e d  as u~ -i s in t J e  ( U i  1( ~~f r in th e  s - t t st~
The  u se  of C ) 114 

as a combu sto r fu e l  did not  r e .-~u 1t in par t icu la te  absorption

or s c a t t e r i n g  of s u f f i c i e n t  n a g n i t u d e  to n ( - ..~I( t ( -  t h e  j u c ; t s I l r I  i t i e n t  technique ,

wh ich  was a mat te r  of ( - u n c e r n  b e c a us e  of the ( x t r e n I e  s e ns i t i vi ty of Ran lan

scat ter ing to unwanted s c a t t e r i n g  in the f low.  Reliable me a s u r e m e n t s  can be

made with C 1H4 as the combus to r .

Measu remen t s  were  made at two locat ions, x 1. 65 cm and 6. 7 cm

downstream of the nozz le  exi t  plane . The typical t est  r e su l t s  fo r  t h ree  corn-

bus tor  t empe ra tu r e s  obtained at the x 1 .65  cm locat ion  are  given in

Table 1.

Table 1. ~~e a r -N o z z 1 c  Test  i~ e suits

o Flow Dissociated
Tt, 1< ~~I/ I~ 

ext rapola t ion)  (~~) Level

~. i  io 2 0 
— —

)7 1 7 .b • . 10~~ 8 .7  ~- 10~~ 0.04 6

• 10~~ >0.8

Th ( S n l h u 5 tor  t e m p e r a t u r e s  wer e  calculated from the T R \ V  MDR C

COI l  I t )  t t (  r p r u r  r~ n . The ~ I / 1 m c a s u r e nie n t s  we r e  made (l i rect l y wi th  the

F ) dia~~n o st i  s , and the SI/ I  ~~~~ .
_ 1/ 2  ext rapola t ion)  values  were  calculated on

the oa si s  ( I f  t he  ~~ K reading by means  of a T~ scaling law . Both t h e  F )

consumed by the conibusto r and the MDRC Program computed dissociation
S 

were ta ken into accoun t  ( see  the Appendix for a discussion of the data r t - ( luc -

tion techniques ) .  The scaled SI/I value at ~7 1 K , i . e .,  i~.7 io ~~
, is in

good agreement with the measured v < u l u e , 7 .6  ‘ 10~~~, ind ica t ing  t h e

— 1 1 —

~ 
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reliability of the technique and data-handling method for hot flows. Further

extrapolation to 1998 K for an assumed 100% recombination resulted in an
absorption signal of 2.8 10~~~. However , no absorption difference signal
was detected in several attempts . It was estimated conservatively that a

difference signal of 6 >~ would have been observed. It was concluded
that these tests indicated a flow (a’) for this high-temperature 01>0.8.  Test
conditions and measurements for these tests are given in Table 2.

The measurements made at the x 6. 7 cm location were made with
21 g/ s ec  He flowing into the cavity through the fuel nozzle array, which pre-

cluded absolute flow density calculations on the basis of isentropic expansion.
A T~~

1”2 correlation of the data points obtained over a range of temperatures

from 964 to 1633 K was made with the 964 K value. The downstream-of-

nozzles test conditions and measurements data are given in Table 3. The
relative absorption measurements are shown in Figure 2 versus the combus-
tor temperature. Theoretical curves representing 100% recornbination and
no recombination were also plotted for comparison with the experimental
values. The theoretical curves were scaled to fit 964 K and multiplied by

-1 /2  .T~ for  the higher temperatures.  The basic agreement of’ the experimental

-
, points and the no recombination curve is good. The average recombination

level indicated over the entire range of temperatures appears to be of order
10 to 20%; i . e . ,  a’ ~~0.8 to 0.9.

-12-
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Figure 2. F2 Absorption 6. 7 cm Downstream of Nozzle Exit
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V. DISCUSSION

Several difficulties were experienced in the tests , some of which can be

eliminated or minimized in fu tu re  test ing.  Recirculation of F 2 in the mea-

surement  region outside the jet occur red  before window-purge  ducts lead-

ing to the ed ges of the jet were  installed . The measured  absorpt ion  was

reduced over one-half upon installation of the ducts.  Window coating was

necessary and resulted in a large reduction in the measurement beam signal

(8 mV to 6 mV) in early tests. Sooting occurred after each purge gas (He )

was turned on. The sooting apparentl y decreased as the lines cleared but was

finally eliminated after the window ducts were added and the He purge gas in

the window was increased from 3 to 6 g/sec. Individual small-scale ducts

(to reduce cavity flow) for each window are recommended.

Problems with near nozzle measurements stemmed from the lack of

precise knowledge of flow-static pressure or temperature. The diagnostics

provide F2-density 
information, and relative measurements can be made of

this density under flow rate or plenum temperature on p ressure  variation . S

However, the representation of F2 
concentration in such term s as pressure

or degree dissociation requires either the measurement of another flow

parameter, such as jet static pressure , or a nozzle flow calculation. In an

equilibrated je t , the downs t r eam F 2 measurement permits the readily acces-

sible cavity static pressure  measurement  to be used to aid in analysis .  The

presence of large purge flows in the cavity region , however , complicate s the

analysis and reduces the utility of this simple flow measurement  to the F 2
jet analysis .  With the use of individual small-bore (<1-in--diarn ) .  long-window

ducts with small-window H2 purge flows and with no cavity purge  gas introduced ,

this measurement problem might be solved.

The two principal difficulties associated with the measu remen t  device

itself , not the flow field , are electrical noise pickup (principally 60 H z )  and

- - 
I 
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the long-term drift  of the differential  signal . A significant reduction in
electri cal noise pickup was made at the site by replacing coaxial leads con-

necting the detector s to the scope differential amplifier input terminals with

twisted-pair  cabling . Further reduction should be possible with the use of
shielded twisted cables with greater electrical noise attenuation characteris t ics .
Increased discrimination against electrical noise is possible by means of the
measurement of the difference signal from the differential amplifier output
on a lock-in amplifier. However , for the phase-sensitive amplifier to be
used effi ciently, long-term drift  must  be taken into account. The long-te rm
drift was thought to be the result, principally, of dissimilar thermal change s
in the detectors in the open-test environment. An increase in thermal inertia
by means of mass addition to the detector holders should improve this
condition.

The most promising way to increase the signal-to-noise ratio involves
the use of a higher-powered laser source. The Liconix Model 301M laser
used in these tests provided a 1-MW beam . Newer models , e. g. ,  Liconix
Model 405 UV , provide an order of magnitude or greater output power at the ‘1

325-nm wavelength.

-18-
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VI. CONCLUSIONS

The Aerospace F
2-absorption diagnostic technique was applied to the

measurement  of F2 densities in the flow ~f the TRW CL XI nozzle. The tech-
nique was shown to be viable in a combustion-driven , chemical-laser environ-
ment.  Cold- and hot-flow measurements under essentially no F2 dissociation,
i . e . ,  combustor-plenum temperatures of 295 K (~y =  0) and 971 K (a ’ = 0.046),
were consistent. Hence , the measurement  technique appears to be reliable.
Extension of the tests to higher temperature regions (T ax = 1998 K) indicated
consistently low recombination levels, i. e. , a ’>  0.8, for this nozzle. Particu-
lates were not a problem, even when C2H4 was used as the combu stor fuel.
Whereas the system performed satisfactorily, in this test, series sensitivity
was lim ited to LI/I = 6 ~c 10~~~, which corresponds to an F density of 6. 76 X

1o
_ 6 

mol/ l (0. 127 Torr F2 at 300 K) over a l0 .Z-cm path . Sensitivity and
- 

data-acquisition reliability may be improved by increasing the He Cd-laser-
beam power, increasing the thermal inertia of the detectors, including a
phase-sensitive amplifier readout in the system, and by decreasing electrical
noise pickup.

Ii
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APPENDIX A

DATA ANALYSIS

The basic equation used in the analysis of the F2
-absorption experiment

data is the classical absorption law

-8. 70 
~F ( m ol / l ) L ( c m )

2 ( A - I )

where the absorp tion coefficient is given for F2 at 325 nm wavelength (Ref .  2).

The absorption measurement  involves the determination of I and ~~I.

Equation A - i  can be rearranged, to directly reflect the relationship be tween

and the measured quantities, to the form
2 —

-8.70 
~F L

2
y 1 _ e  ( A - 2 )

For small values of the argument of the exponential (th e case here) ,  this ex-

pression can be further simplified and rearranged to the form

/ I \~~ i
~F ~~ ,,8. 70L) I ( A - 3 )

2

Hence , the F2 molar density is determined directly in the experiments f rom

geometry, i. e •,  nozzle absorption path length (10. 2 cm) and the measure

beam values.

A basic difficulty in data application is immediatel y encountered upon

attempting to relate the measured F2 densities in the flow to the dissociation

-21- ! 
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level , i. e., another gas flow parameter in the jet must be measured or

inferred in order to accomplish this. Cavity pressure is a readily measured

quantity and can be equated to downstream-jet static pressure in some in-

stances to fill this need and has been successful ly done in previous experi-

ments at Aerospace. Unfortunately, the large addition of purge gases to the

cavity reg ion in the present tests precluded unambiguous use of the cavity

pressure measurement in the data analysis, which otherwise might be ac-

complished as follows.

Cavity F 2 molar densities in the jet  are calculated for known plenum

pressure, temperature, and molar flow rates and cavity pressure , with

isentropic nozzle expansion assumed and with the aid of the equations

~F n 
2 

(A-4)
2 total S

p
(A-5)

and

= (A-6 )

where p, p, and T are the density, pressure , and temperatu re , respective ly,

subscript t refers to plenum (total) conditions, subscript c re fe rs  to cavity

conditions , R is the gas constant, ~ is c / c , and ñ is the molar flow rate.

This calculation was performed only for the cold -flow calibration runs for

comparison with the measured F2 densities since the p measurem ent was

compromised in these tests as explained in Section III of this report .  ‘y was

calculated to be 1.954 for the cold-flow calibration conditions.
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The method used to relate the measured F2 density to dissociation level

in these tests involved establishing the combustor plenum temperature de-

pendence of 
~F2~ 

This was accomplished by the use of equation s

( A - 7)

and

V = M J
C-
~

RT
t 

(A-8)

and Eq. (A-4), from which was obtained the functional dependence

- 

~F2
a’ (A-9)

where rh is the total jet mass flow , V is the jet  velocity at the location, A is
the jet  cross-sectional flow area , and M is the flow Mach number. The com-
bustor gas composition, temperature, and pressure  were varied for the

various runs by means of variable-combustor fuel injection, which resulted

in only a small change in the quantities M , R , and ‘y as a result  of the large
diluent ratios employed. These parameters were disregarded in the analys is .
The determination of F -dissociation level was made by measuring PF for a

cold flow (T t 295 K , ~ = 0) and hot flows and applying the T density

scaling law to the cold-flow measurement.  Comparison of this value with the
hot-flow density measurement, which had been compensated for lower initial

F 2 due to combustion and dissociation, y ielded the recombination f ract ion.

The corn bustor temperatures, gas compositions, and dissociation levels were
directly from TRW Program MDRC. The combustor temperatures were cal-
culated by means of a heat balance, which included the measured combustor

heat losses but excluded nozzle heat losses.
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L AI3 ORATO R Y OPERATIONS

The L a b o r a t o r y  O p e r a t i o n s  of The  A e r o s p ace  Corpora t ion  i s  c o n d u c t i n g

e x per i m e n t a l  and t h e o r e t i c a l  i nv e s t i g a t i o n s  n e c e s s a r y  fo r  the  e v a l u a t i o n  an d

app l i c a t i o n  of s c i e n t i f i c  advances  to new m i l i t a r y  concep t s  and s y s t e m s . V er-

s a t i l i t y  and f l e x i b i l i t y  h a v e  been d e v e l o p e d  to a h ig h d e g r e e  b y t he l a b o r a t o r y

p e r sonnel  in d e a l i n g  wi th  the  m a n y  p r o b l e m s  e nc o u n t e r e d  In t he  n a t i o n ’ ,, r a p i d l y

deve lop ing  space and m i s s il e  s y s t em s .  E x p e r t i s e  i n  t he  l a t e s t  s c i en t i f i c  d c c c l -  S

opments  is v i t a l  to the  a c c o m p l i s h m e n t  of t a s k s  r e l a t e d  to t h e s e  p r o b l e m s .  Tl:e

l a b o r a t o r i e s  that  c o n t r i b u t e  to  t h i s  r e s e a r c h  a r e :

Aeroph ysic s L a b o r a t o r y :  Launch  and r e e n t r y  a e r o d y n a m i c s , hea t  t r a n s  -

f e r , r e e n t r y  ph y s i c s , ch emi c a l k i n e t i c s , s t r u c t u r a l m e c h a n i c s , f l i g ht  d yn am:cs .
atmospher ic  pol lut ion , and h ig h - p o w e r  gas l a se r s .

C h e m i s t r y  and Ph y s i c s  L a b o r a t o r y :  Atmosp h e r i c  r e a c t i o n s  and •t •nu s -
phe r i c  op t i c s , c h e m i c a l  r e a c t i o n s  in p o l l u t e d  a tmosp h e r e s , chern i :  al r e , :  t , , ,n s
of exc i ted  species  in r o c k e t  p lumes , chemica l  t h e r m o d y n a m ic s , p l a s m a  and
l a s e r - i n d u c e d  r e a c t i o n s , l a se r  c h e m i s t r y ,  p r o p u l s i o n  c h e m i s t r y ,  sp a c e  v a c u u n :
and radia t ion  e f fec t s  on m a t e r i a l s , l u b r i c a t i o n  and s u r f a c e  p h e n o m e n a , p ho to -
s e n s i t i v e  m a t e r i a l s  and sensors , hi cI: p r e c i s i o n  l a s e r  r ang in g, and t h e  app l i  -

ca t ion  of ph ys ics  and c h e m i s t r y  to p rob lems  of law e n f o r c e m e n t  and b is ,n - ,- d i c n n e .

E l e c t r o n i c s  R e s e a r c h  L a b o r a t o r y :  E l e c t r o m a g n e t i c  t h e o r y .  d ev : e es . an ,
propagat ion  phenomena , i n c l u d i n g  p las ma e l e c t r o m a g n e t i c s  q u a n t u m  e l e c t r s S n i C  S .

l a se r s , and e l e c t r o-o p t i c s ;  c om m u n i c a t i o n  s c i e n c e s , app l ie d e l e c t r o n i c s , - t en , :  -
conduc t ing ,  s u p e r c o n d u c t i n g ,  and c r y s t a l  d e v i c e  p h y s i c s , o p t i c a l  an d a c , : o s t i c a l
i m a g i n g ;  atmospher ic  p o l l u t i o n ;  m i l l i m e t e r w a v e  and f a r - i n f r a r e d  t echn :: l : -~~ -

M a t e r i a l s  Sc iences  L a b o r a t o r y :  Deve lopmen t  of new m a t e r i a l s ;  m e t a l
m a t r i x  composi tes  and new f o r m s  of c a r b o n ;  t e s t  and e v a l u a t i o n  of g r a p h i t e
and c e r a m i c s  in r e e n t r y ;  s p a c e c r a f t  m a t e r i a l s  and e l e c t r o n i c  c o m p o n e n t s  :11
nuc l ea r  weapons e n v i r o n m e n t ;  app l i c a t i o n  of f r a c t u r e  me h a n i :  s to  s t r e s s  c or-
rosi on and f a t i g u e - i n d u c e d  f r a c t u r e s  in  s t r u c t u r a l  m e t a l s .

Space Sciences L a b o r a t o r y :  A tmosphe r i c  and  ono sph er .c  p hy s i c s , ra d i a -
tion f rom the atmosphere , d e n s i t y  and c o m p osi t i o n  of the a t m o s p h e r e , a u r o r a , -
and a i rgl ow ;  magne tospher ic  ph y s i c s , cosmic r a y s .  g en e r a t io n  and p r op a g a t i o n
of plasma waves  in the magne tosph e r e ;  so la r  p l , y s i c s . s tu d i e s  of so l a r  m a g n e t i c
f i e ld s ;  space a s t r o n o m y ,  x~~r ay  as t r o n o m y ;  the e f I . - :  I s  of n u c l e a r  exp l : :s ,ons .
magnet ic  s torms , and solar  a c t i v i t y  on the  e a r t h ’ s a tn ~:is ph e r r . o n o s p h e r e , and
magnetosphere ;  the e f fec t s  of opt ical , elec t r o m a g n e t i c , and  p a r t i c u l a t e  radia-
tions in  space on space sys t ems .
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